Despite initial efficacy of imatinib mesylate in most gastrointestinal stromal tumor (GIST) patients, many experience primary/secondary drug resistance. Therefore, clinical management of GIST may benefit from further molecular characterization of tumors before and after imatinib mesylate treatment. As part of a recent phase II trial of neoadjuvant/adjuvant imatinib mesylate treatment for advanced primary and recurrent operable GISTs (Radiation Therapy Oncology Group S0132), gene expression profiling using oligonucleotide microarrays was done on tumor samples obtained before and after imatinib mesylate therapy. Patients were classified according to changes in tumor size after treatment based on computed tomography scan measurements. Gene profiling data were evaluated with Sta-
Introduction
Gastrointestinal stromal tumors (GIST) are the most common mesenchymal tumors of the digestive tract, with between 3,300 to 6,000 new cases diagnosed each year in the United States (1) . The most common primary sites for these neoplasms are the stomach (60-70%; refs. 2, 3), followed by the small intestine (25-35%; refs. 4, 5) , and, to a much lesser degree, the colon and rectum (10%; ref. 6 ). GISTs have also been observed in the mesentery, omentum, esophagus, and the peritoneum (2, 7) . GISTs occur most frequently in patients older than 50 years, with a median age of presentation of 58 years; however, GISTs have also been observed in the pediatric population (8) . These tumors contain smooth muscle and neural elements, as described originally by Mazur and Clark in 1983 , and are thought to arise from the interstitial cells of Cajal (9, 10) . GISTs express and are clinically diagnosed by immunohistochemical (IHC) staining of the 145-kDa transmembrane glycoprotein, KIT, by the CD117 antibody. Most (∼70%) GISTs possess gain-of-function mutations in c-KIT in either exons 9, 11, 13, or 17, causing constitutive activation of the kinase receptor, whereas smaller subsets of GISTs possess either gain-of-function mutations in PDGFRA (exons 12, 14, or 18; ∼10%) or no mutations in either KIT or PDGFRA and are therefore referred to as wild-type GISTs (∼15-20%; refs. [11] [12] [13] [14] . The primary treatment for GIST is surgical resection, which is often not curative in high risk GIST because of a high incidence of reoccurrence (15, 16) . Since 2002, imatinib mesylate, an oral 2-phenylaminopyrimidine derivative that works as a selective inhibitor against mutant forms of type III tyrosine kinases, such as KIT, PDGFRA, and BCR/ABL, has become a standard treatment for patients with metastatic and/or unresectable GIST, with objective responses or stable disease obtained in >80% of patients (17, 18) . Response to imatinib mesylate has been correlated to the genotype of a given tumor (14) . GIST patients with exon 11 KIT mutations have the best response and disease-free survival, whereas other KIT mutation types and wild-type GIST have worse prognoses. Despite the efficacy of imatinib mesylate, some patients experience primary and/or secondary resistance to the drug. 18 F-fluorodeoxyglucose-positron emission tomography can be used to rapidly assess tumor response to imatinib mesylate (19) ; however, there are cases in which GISTs do not take up significant amounts of the glucose precursor, and therefore, this scanning method is of questionable value in evaluating response in this group of patients. Strategies for treatment of progressive disease can include imatinib mesylate dose escalation (20) , imatinib mesylate in combination with surgery, and alternative KIT/PDGFRA inhibitors, including sunitinib (21) . There are also options to participate in clinical trials evaluating nilotinib (22) , dasatinib (23) , and HSP90 inhibitors (24) . What may eventually prove to be the most effective paradigm in the clinical management of GIST is the development of individualized treatment approaches based on KIT and PDGFRA mutational status and/or predictive gene signatures of drug response. Ideally, in the future, patients may be preselected for treatment with imatinib mesylate or additional first-and second-line therapies based on these tumor-specific response markers.
The question of whether imatinib mesylate can be safe and effective as a rapid cytoreductive agent if administered before surgical resection has been evaluated in a recent novel phase II trial (Radiation Therapy Oncology Group Study 0132) of 8 to 12 weeks of neoadjuvant followed by adjuvant imatinib mesylate for either locally advanced primary or metastatic operable GIST. In this study, biopsies were taken at time of enrollment, and patients were treated with imatinib mesylate for 8 to 12 weeks before resection, followed by adjuvant imatinib mesylate treatment for 2 years. Contrast-enhanced computed tomography (CT) scans were done before, 4 to 6 weeks into treatment, and after the neoadjuvant imatinib mesylate regimen to document classic tumor response by response evaluation criteria in solid tumors (RECIST). Based on CT response data, patients for this study were classified in to two groups, group A (defined as ≥25% tumor shrinkage after 8-12 weeks of imatinib mesylate) and group B (<25% tumor shrinkage, unchanged, or evidence of tumor enlargement after 8-12 weeks of imatinib mesylate). Microarray analysis of pretreatment GIST biopsies identified a gene signature of 38 response genes. These included Krüppel-associated box (KRAB)-zinc finger (ZNF) genes that were significantly expressed in tumor biopsies from patients less responsive to short-term treatment of imatinib.
Materials and Methods

Patient Selection
Sixty-three patients (52 analyzable) with primary or recurrent operable GIST were enrolled onto the Radiation Therapy Oncology Group S0132 trial from 18 institutions. Patients' GIST samples were screened for CD117 (KIT) positivity by standard IHC before participation in the clinical trial. Patients were required to have adequate hematologic, renal, and hepatic function, as well as measurable disease for response evaluation. All patients signed informed consent following Institutional Review Board approval for this study and were consented to provide baseline biopsies and operative tissue.
Collection of Samples Tumor samples were obtained from pre-imatinib mesylate core needle biopsies (pretreatment samples) and from the surgical specimen obtained at the time of resection following neoadjuvant/preoperative imatinib mesylate (posttreatment samples). A total of 48 pre-and 34 post-imatinib-treated samples were collected and banked. All patients received imatinib mesylate at 600 mg daily by mouth, which was continued daily until the day of surgery, with dose modifications for protocol-defined toxicities. Fresh-frozen pre-and posttreatment GIST samples were collected from all participating institutions and shipped to the Radiation Therapy Oncology Group tissue bank before evaluation.
RNA Isolation
Total RNA was isolated from all available pre-and postfrozen tissue samples using TRIzol reagent, according to the protocols provided by the manufacturer (Invitrogen Corp.). RNA quantification and quality assessment were done on 2100 Bioanalyser (Agilent Technologies). Because of the high variability in tissue collection and handling, storage and shipping procedures among the 18 institutions involved in the study, and the tumor cellularity of the specimens, 35% (17 of 48) of pre-and 26% (9 of 34) of posttreatment samples were of limited quality and were therefore excluded from the gene profiling studies. Furthermore, one of the samples was excluded because the CT response data were lacking.
DNA Isolation
Genomic DNA was isolated as previously described (25) . Quality DNA was isolated from 38 cases (2 pretreatment biopsies and 36 posttreatment samples) and used for mutational analyses.
KIT and PDGFRA Mutational Status Analysis Mutational analysis was done as previously described (26) .
RNA Amplification and Microarray Hybridization
Fifty nanograms of RNA from the various tissue samples as well as 50 ng of Universal Human Reference RNA (Stratagene) were amplified using Ovation Aminoallyl RNA amplification and labeling system (NuGEN Technologies, Inc.). Aminoallyl cDNA was purified with QIAquick PCR Purification Kit (Qiagen), and yield was measured using Spectrophotometer ND-1000 (NanoDrop). Sample aminoallyl cDNA was labeled with Alexa Fluor 647 dye (Invitrogen Corp.), and reference aminoallyl cDNA was labeled with Alexa Fluor 555 dye (Invitrogen) as follows. Content of one vial from Alexa Fluor Reactive Dye Decapacks for Microarray Applications (Invitrogen) was resuspended in 2.5 μL of DMSO (Clontech) and added to 2 mg of aminoallyl cDNA, which was previously dried down in vacuum centrifuge and resuspended in 7.5 μL of coupling buffer (66.5 mmol/L NaHCO 3 ; pH 9.0). After incubation for 1 h in darkness at room temperature, reaction was purified with QIAquick PCR Purification Kit (Qiagen). Labeling efficiency was assessed on Spectrophotometer ND-1000 (NanoDrop). Labeled sample and reference were combined and hybridized on 44K Whole Human Genome Oligo Microarray (Agilent) at 60°C for 17 h. Washing was done in 6× saline-sodium phosphate-EDTA buffer with 0.005% Sarcosine at room temperature for 1 min; 0.06× salinesodium phosphate-EDTA buffer with 0.005% Sarcosine at room temperature for 1 min, and then treated with Agilent Stabilization and Drying Solution at room temperature for 30 s.
Data Analysis
For the microarray studies, we were able to obtain high quality RNA and array data from 28 pretreatment samples and 25 posttreatment samples. For 17, we had matching pairs. Amplified and labeled RNAs were competitively hybridized against Stratagene Human Reference RNA using Agilent 4112a Whole Genome Human microarrays, scanned with an Agilent GMS 428 scanner, and preprocessed using the Functional Genomics Data Pipeline (27) . These arrays were checked for quality by Agilent quality control and by visual inspection of MA plots pre-and post-LOESS normalization (width, 0.7; no background correction). Arrays that were of poor quality (i.e., which showed signs of RNA degradation such as splitting of MA plots into two "wings") were repeated on a second RNA isolation from the same biopsy or tumor sample.
Clinical RECIST response is typically defined as a 30% decrease in the longest tumor diameter in the case of a primary target lesion or the sum of the longest diameters in the case of index tumors of metastatic disease. For the purpose of this analysis, as surgery occurred at a median of 65 d from the start of imatinib mesylate therapy, we arbitrarily divided these patients into group A (≥25% tumor shrinkage after 8-12 wk of imatinib mesylate) or group B (<25% tumor shrinkage, unchanged, or evidence of tumor enlargement after 8-12 wk of imatinib mesylate). In the seminal phase II metastatic GIST study, the median time to partial response (≥30% reduction) was 16 wk; therefore, we concluded that the duration of preoperative imatinib mesylate was probably too short to expect a significant number of patients having a classic partial response per RECIST. We therefore chose an arbitrary grouping of CT measured response for patients in group A of ≥25% close to the 30% RECIST criteria for partial response. Had we selected ≥30% decreased in tumor dimension, there would have been too few patients in group A for any meaningful analysis. All other patient's gene array samples that correlated clinically to ≤25% decrease in tumor measurements, as determined by the study clinical parameters, were then placed in group B. It should be noted that gene profiling for predictive biomarkers of response was a post hoc analysis and not a primary or secondary endpoint of this original study. The 28 pretreatment samples were analyzed with Significance Analysis of Microarrays (28) implemented in the Multi-Experiment Viewer (29) to identify genes that showed significant pretreatment differential expression between the two groups. A false discovery rate of 10% was used. Microarrays were annotated using the most recent (August 20, 2007) Agilent annotation file. The most current accession number corresponding to Agilent IDs were retrieved from the file. Ensembl accession numbers were annotated with gene symbols and descriptions on June 6, 2008. Genebank accession numbers or gene names were annotated with National Center for Biotechnology Information Entrez information on June 9, 2008.
Because 10 of the differentially expressed genes mapped to the same locus (HSA19p12-19p13.1), we also analyzed all of the genes in this locus for response upon treatment (25 posttreatment samples, with 13 samples from group B and 12 from group A) with imatinib mesylate. We did this test by looking at each gene individually and looking for its average response in four categories: group A pretreatment, group B pretreatment, group A posttreatment, and group B posttreatment. Microarray data, including original Agilent scanner output files for all samples used in this study, are available through the Gene Expession Omnibus (accession number GSE15966).
Quantitative Reverse Transcription-PCR (RT-PCR)
To confirm the microarray data, RNA was freshly isolated from nine of the pre-imatinib mesylate samples of the trial (Radiation Therapy Oncology Group 19, 22, 31, 39, 47, 56), including three samples (Radiation Therapy Oncology Group 25, 35, and 53) not included in the original microarray analyses and reverse transcribed to cDNA by SuperScript II reverse transcriptase (Invitrogen). Expression of RNA for three KRAB-ZNF genes (ZNF 91, ZNF 43, and ZNF 208) and two endogenous control genes (HPRT and 18S) was measured in each presample by real-time PCR (with TaqMan Gene Expression Assay products on an ABI PRISM 7900 HT Sequence Detection System, Applied Biosystems), following protocols recommended by the manufacturer and as previously described (30) . The relative mRNA expressions of ZNF 91, ZNF 43, and ZNF 208 were adjusted with either HPRT or 18S. The primer/probe fluorescein phosphoramidite (FAM) sets for ZNF 91, ZNF 43, ZNF 208, HPRT, and 18S were obtained from Applied Biosystems.
siRNA Transfection and Imatinib Mesylate Sensitivity Two siRNAs against each ZNF of interest (Qiagen) were pooled together, and GIST cells were reverse transfected in four 96-well plates, as described according to the protocols provided by the manufacturer (Qiagen). In addition, siRNA smart pools against KIT and GL-2 (Dharmacon) were used as positive and negative controls, respectively, and used for Z-score calculations. Forty-eight hours later, vehicle only or vehicle + imatinib mesylate (45 nmol/L) were added to two plates. After, 24-h cell viability was assessed using the cell titer blue assay. This assay is based on the ability of living cells to convert the redox dye, resazurin, into the fluorescent end product, resorufin. Cell titer blue was added to all wells and incubated for 4 h followed by data recording using an EnVision microplate reader (PerkinElmer).
Results
Radiation Therapy Oncology Group S0132 Trial Design and Patient Response to Imatinib Mesylate
Sixty-three patients with primary or recurrent potentially resectable malignant GIST from 18 institutions were originally enrolled onto the trial beginning in February 2002 and ending in June 2006 (15) . A tumor positive for KIT (CD117) staining by IHC was the necessary prerequisite for patient enrollment. Fifty-three percent of primary tumors were located in the stomach, 27% in small bowel, and 20% in other sites within the gastrointestinal tract. Metastatic tumors were primarily located in the abdomen/ peritoneum. Additional clinical information is shown in Table 1. Before the start of the 8 to 12 week imatinib mesylate regimen, a CT scan was done, and a tumor biopsy (pretreatment sample) was obtained. CT scans were repeated ∼4 to 6 weeks into imatinib mesylate therapy and again immediately before surgical resection (after 8-12 weeks imatinib mesylate therapy; Fig. 1A ). CT measurements, taken from the longest cross-sectional diameter of the primary GIST or the index metastatic lesion(s), were used to assess tumor response (i.e. tumor shrinkage, no measurable change, or tumor enlargement) to imatinib mesylate therapy (Fig. 1B) . Of the 52 analyzable patients, 58% (30 of 52) had surgical resection of primary locally advanced GIST, whereas 42% (22 of 52) had recurrent/metastatic GIST resected. Genomic DNA was isolated from available large biopsies (pretreatment samples) or resected tumor (posttreatment samples), and KIT and PDGFRA mutational analysis was done (Fig. 1B) . Mutational analysis was done on 39 of the 52 patients, and the most frequent mutations occurred in exon 11 (82%, 32 of 39), followed by exon 9 (3%, 1 of 39). No mutations were found in exons 13 and 17 of KIT or in exons 12, 14, and 18 of PDGFRA. Fifteen percent (6 of 39) of the patients tested lacked mutations in KIT and PDGFRA. Similar frequencies have been observed previously (12) .
Gene Expression Profiles Associated with Response to Imatinib Mesylate RNA was isolated from both pre-and posttreatment samples, and those deemed of adequate amount and quality were evaluated by using Agilent oligonucleotide microarrays (see Methods). GIST specimens (pre, post, or both) used for microarray analysis are shown in Fig. 1B (bottom) . CT measurements were used to classify patients as either "immediate responders" (group A) if the patient's tumor showed a ≥25% reduction in size during the 8 to 12 weeks of imatinib mesylate treatment. The other GIST samples were combined and will subsequently be referred to as group B. The index used for these latter tumors ranged from an 18% diameter reduction to a 21% tumor enlargement after 8 to 12 weeks of imatinib mesylate. Mutation status alone was not a sole predictor of response to short-term imatinib mesylate treatment. Seventy-five percent (15 of 20) of biopsy samples from group A possessed an exon 11 KIT mutation. The remaining 25% (5 of 20) had no mutational analysis available. In comparison, 53% (8 of 15) of samples from group B had exon 11 KIT mutations, whereas the remaining samples possessed an exon 9 KIT mutant (7%, 1 of 15), were KIT/PDGFRA mutation negative (27%, 4 of 15), or were undetermined (13%, 2 of 15). Using the array data generated from the pretreatment biopsy specimen RNAs, Statistical Analysis of Microarrays identified 38 genes as differentially expressed at a false discovery rate of 10% between the two groups, with all gene transcripts present at higher levels in patients within group B (Table 2) . Thirty-two of these corresponded to known genes; 18 of these are KRAB-ZNF genes, 10 of which mapped to the same locus (HSA19p12-19p13.1). Two additional genes, LOC646825 and LOC388523, showed similarity to ZNF 91 and ZNF 208 (Fig. 2) . Other genes within this signature encode for the ZNF-containing proteins ZMYND11 and ZMAT1 and transcription factors GTF2I and GABPAP. The remaining genes encode the following proteins: RASSF8, WDR90, SF3B1, UGT2B7, and four hypothetical proteins ( Table 2 ).
The observation that most genes within this predictive signature were KRAB-ZNF genes (18 of 32), 10 of which are located within the same chromosomal region (HSA19p12-19p13.1), was intriguing and warranted further study. Analysis of pretreatment sample expression differences for all genes within the 19p12-13.1 locus showed a consistent difference (Fig. 3A, red box) . All the ZNF genes showed higher overall expression in samples from patients within group B across the locus, although adjoining genes showed equal expression between the two groups. Of additional interest, these KRAB-ZNFs seem to be coordinately regulated in response to imatinib mesylate therapy in that KRAB-ZNF mRNA levels decrease in tumors from patients in group B after imatinib mesylate. To rule out the possibility that an enrichment of other nontumor cells, such as endothelial and inflammatory cells, may be contributing to the observed expression patterns, we examined the cellular content of the post-imatinib mesylate samples and used only those that displayed >70% tumor cellularity (Fig. 3B) . We also observed a very similar pattern of decreased ZNF expression in the group B post-imatinib mesylate samples with lower tumor (<70%) cellularity (data not shown), suggesting that the observed trend is likely associated with tumor cell response to imatinib mesylate. Analysis of the pre-and posttreatment samples from group A showed an opposing trend in that the level of ZNF genes increased following the 8 to 12 week imatinib mesylate regimen; however, because the cellularity was <70% for all but one of these samples, we cannot rule out the effect of nontumor cells on these expression patterns (data not shown).
Validation with Quantitative RT-PCR
We used quantitative RT-PCR to validate the differential expression pattern of the predictor genes. For this analysis, four genes were selected from the list of 18 KRAB-ZNF genes identified in the microarray analysis based on availability of commercial quantitative RT-PCR assays. We found the assays for ZNF 43, ZNF 208, and ZNF 91 to work reliably. All three were expressed significantly higher in group B before imatinib mesylate treatment compared with the immediate response group. The expression of each gene was evaluated in a small validation panel consisting of nine pretreatment samples from patients on the trial for which high quality RNAs could be isolated (see Methods). ZNF 43, ZNF 208, and ZNF 91 mRNA levels were significantly lower in patients whose tumors rapidly shrunk in response to imatinib mesylate than in those who did not (Fig. 4) . Expression levels of the three genes were highly correlated with each other (all pairwise correlations were >0.93 with Ps < 0.0003).
We next sought to determine if modifying the expression of a subset of the genes within this predictive signature could alter the sensitivity of GIST cells to imatinib mesylate. We selected ZNF 208, ZNF 91, ZNF 85, and ZNF 43 for siR-NA targeted knockdown. From these screens, we showed that depletion of each of the four ZNFs were able to sensitize GIST cells to varying degrees of imatinib mesylate (sensitization index, viability with drug/viability with vehicle only was 0.58 to 0.85). These findings suggest that some members of this gene signature may not only have predictive value but functional relevance to imatinib mesylate activity in vivo. We also developed genomic-based quantitative PCR analysis to assess gene copy number of these KRAB-ZNF genes. We found that up-regulation of these ZNFs in patients within group B was not associated with gene amplification (data not shown), indicating that the changes in mRNA were independent of gene copy number.
Discussion
In this study, we set out to obtain a gene expression profile that could be predictive of likely imatinib mesylate-induced cytoreduction in GIST patients before therapy. Because several alternative options for progressive disease treatment are currently being evaluated, such as new kinase inhibitors or combination therapy with imatinib mesylate, such a profile may be useful in determining appropriate personalized clinical treatment of GIST patients. The clinical trial from which tissue samples were obtained for this study has yielded some interesting findings. Most patients on this trial had apparent clinical benefit from imatinib mesylate therapy before surgery. Forty-nine percent of all patients enrolled onto the trial manifested ≥25% tumor size reduction following the initiation of 8 to 12 weeks of imatinib mesylate therapy, with 75.4% having at least some degree of tumor response (Fig. 1B) . In addition, preoperative imatinib mesylate therapy was associated with minimal drug related toxicity and surgical morbidity (31) . We observed benefit from the neoadjuvant use of imatinib mesylate for downsizing tumors before surgical resection. Using pre-imatinib mesylate samples from this study, microarray analyses were done to obtain a gene expression profile that may be indicative of the likely response to short-term imatinib mesylate therapy. Although expression of several interesting genes, such as RASSF8, SF3B1, and UGT2B7, were found to be associated with differential response to imatinib mesylate, we were drawn to the observation that nearly a third of the genes clustered in one locus on chromosome 19p12 near the centromere (Fig. 2) . These differentially Figure 3 . KRAB-ZNF gene expression on chromosome 19p12-13.1 before and after imatinib mesylate therapy. A, analysis of pretreatment ratios of tumors showing >25% (group A) or <25 reduction (group B) using data from 28 patients for all genes in the 19p12-13.1 locus. All gene symbols and locations are shown stepwise. All genes in this locus (red box) showed higher mean ZNF expression levels in group B samples (i.e., lower group A/group B ratio), whereas adjoining genes showed roughly equal expression between the two groups. B, analysis of changes in expression of genes in this locus upon imatinib mesylate treatment in group B samples with >70% tumor cellularity. Red columns, means of pretreatment samples from group B; blue columns, means of posttreatment samples from group B.
expressed ZNFs are KRAB-ZNF genes that are members of the ZNF 91 subfamily (32, 33) . In addition, we showed that expression of these ZNFs seemed to be coordinately regulated by imatinib mesylate treatment (Fig. 3B and data not shown) .
The ZNF 91 subfamily includes 64 genes, 37 of which are found on chromosome 19 (32) . These KRAB-ZNF proteins are characterized by the presence of a DNA-binding domain composed of between 4 and 30 ZNF motifs and a KRAB domain near the amino terminus. They form one of the largest families of transcriptional regulators. Many members of this family are still uncharacterized, and the specific functions of many members are unknown; however, some of these ZNFs have been associated with undifferentiated cells and also implicated in cancers. Lovering and Trowsdale (34) showed that expression of ZNF 43 was increased in lymphoid cell lines and that inducing terminal differentiation in vitro in one of these cell lines led to reduced ZNF 43 expression. Another study using microarrays comparing normal controls to mononuclear cells of acute myelogenous leukemia patients showed ZNF 91 expression was increased in 93% of acute myelogenous leukemia cases and that inhibiting expression of ZNF 91 induced apoptosis of these cells (35) . Eight other ZNFs, not found to reach significance in our tests for differential expression in our studies, have been denoted as "candidate cancer genes" or CAN genes by large-scale mutagenesis screens in breast and colorectal cancers (36) .
In addition, KRAB-ZNF expression has been associated with resistance to imatinib mesylate. Using DNA microarrays, Chung et al. (37) showed that 22 genes, two of which are ZNFs, were positively correlated with increasing imatinib mesylate dosage in chronic myelogenous leukemia cell lines. Therefore, our study is not the first to link response to imatinib mesylate with KRAB-ZNF expression but is the first to establish this connection in GIST patients and to the genes within the HSA19p12-19p13.1 locus. The ultimate goal of this work was to identify a profile that is indicative of immediate response to imatinib mesylate so that, in the future, expression of these ZNFs can be examined in patient biopsies before treatment, allowing for the most effective therapeutic regimen to be used, particularly in relation to planned surgical resection. Because there is significant overexpression of these KRAB-ZNFs and other genes within the predictive signature in patients who are not as responsive to imatinib mesylate, our study suggests that IHC-based or quantitative RT-PCR expression analyses of these genes could potentially serve as a rapid means for prescreening GIST patients before treatment. However, it should be reiterated that this predictive gene signature was established using a 25% decrease in tumor size cutoff for response rather than RECIST or Choi criteria because this was a neoadjuvant trial and the design of the trial (8-12 weeks of imatinib) was not to assess short-term imatinib response by standard criteria. Nevertheless, it will be important to further evaluate these predictive biomarkers using independent cohorts of GIST samples with clinical outcome information.
We have shown that quantitative RT-PCR assays are informative when adequate RNA samples can be obtained either from small needle biopsies or resected tumor samples. Our studies also highlight the need for additional studies to assess the role of these KRAB-ZNFs in potentially mediating imatinib mesylate response. In preliminary studies, we have found that siRNA-mediated targeted knockdown of ZNF 208, ZNF 91, ZNF 85, and ZNF 43 can enhance the sensitivity of GIST cells to imatinib mesylate, albeit to varying degrees. Further functional studies are currently underway to determine how these genes may be influencing imatinib mesylate activity in GISTs and their potential clinical therapeutic value.
We also searched for links about why many of these ZNF genes within a single locus are coordinately regulated at the expression level. Using transcription factor binding site analysis from advanced biomedical computing center and viewed using CIMminer software, we sought to identify The ratios of each gene to control (HPRT or actin) were measured using total RNAs from nine pretreatment samples (five in group A and four in group B) and universal human reference RNA. The relative median mRNA levels for ZNF 43, ZNF 208, and ZNF 91 in group A were 412-, 257-, and 77-fold higher as compared with controls, whereas the median levels in group B were 21-, 18-, and 11-fold normalized to controls, respectively. Two-sided Wilcoxon rank sum tests were used to compare the distribution of ZNF 43, ZNF 208, and ZNF 91 mRNA expression between the two groups, and Pearson's coefficients were used to measure the pairwise correlation of the ZNF gene expression. Tests were conducted using a 5% type I error. The predictive value of ZNF 43 and ZNF 208 were found to be statistically significant. *, P = 0.02. Results are of three independent experiments. common transcription factors that could explain why, in some samples, all the genes are either up-regulated or down-regulated. The analysis showed that there are a number of transcription factors that regulate these ZNFs (data not shown). One transcription factor, HinfA, seemed to be associated with 12 of the ZNFs of interest. HinfA is a transcription factor known to bind to A/T-rich repeats in the promoters of human histone (H3 and H4) genes (38). However, HinfA was not measured on our array. Vogel et al. (39) have found that the heterochromatin binding proteins, CBX1 and SUV39H1, have been associated with coexpression of ZNF genes. However, our analysis of the three probes for CBX1 and one probe for SUV39H1 did not detect significant differences in expression between these two groups.
In summary, we were able to elucidate a gene expression profile that is unique to patients whose tumors are less responsive to imatinib mesylate in comparison with those that rapidly respond. This profile consists of 38 genes (32 annotated), 18 of which are KRAB-ZNFs. We feel that these results have potential clinical relevance and could help stratify patients most responsive to imatinib mesylate and potentially design more effective treatment regimens particularly in neoadjuvant use for GIST patients in the future.
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